A study on the MIMO channel capacity of a modified dual-element planar inverted-F antenna (PIFA) array is presented. The dual-element PIFA array consists of two modified PIFAs which are mounted on a small mobile terminal operating at 2.5 GHz. The relationship between mutual coupling and channel capacity is analysed by comparing the modified dual-element PIFA array with a conventional dual-element PIFA array and two ideal dipoles.
Introduction: Multiple input multiple output (MIMO) technology has been regarded as a practical approach to increasing wireless channel capacity and reliability. However, one of the major challenges of employing MIMO systems in real work is the implementation of multiple antennas on a size-limited mobile terminal. In our previous study, we proposed a modified design of dual-element planar inverted-F antenna (PIFA) arrays for small mobile terminals [1] [2] [3] , which has exhibited low mutual coupling and good diversity performance. In this Letter, the channel capacity of this modified dual-element PIFA array operating at 2.5 GHz in a realistic indoor MIMO channel model is investigated. The capacity results are compared to those of a conventional dual-element PIFA array and two ideal dipoles.
MIMO channel model:
A ray tracing simulation tool, Wireless InSite [4] , was used in this study to obtain the MIMO channel response matrix H in an indoor wireless environment. The indoor wireless environment chosen is the second floor in the Department of Electronic Engineering at Queen Mary University of London (see Fig. 1 ). The transmitter, consisting of two ideal dipoles separated by half a wavelength, is placed on the ceiling of the corridor outside room A. The power level is 20 dBm and the bandwidth is 20 MHz. The receivers are placed randomly in 1000 positions at desktop height in rooms A and B. The received power, length of ray and time delay are collected from the ray tracing simulator. They are used to construct the channel response, which is modelled as the vector sum of all the rays arriving at the receiving antenna locations. The channel responses are computed through the following equation:
where M is the number of rays, f o the carrier frequency, l the wavelength, P k the received power, l k the length of the kth ray and T k is the time delay of the kth ray. The channel capacity is then calculated using [5] :
where I is the identity matrix, r is the signal-to-noise ratio, H is the channel coefficient matrix, the superscript þ denotes conjugate transpose, and det(.) is the determinant. The propagation model uses a uniform linear array (ULA) of four ideal dipoles at both the transmitter and receiver forming a 4 Â 4 setup as in our previous study. It has been verified by comparison with the IEEE 802.11 MIMO model [6] . Therefore, this model is used to investigate the channel capacity of dual-element antenna arrays operating at 2.5 GHz in this case. Dual-element antenna arrays: The three dual-element antenna arrays operating at 2.5 GHz used in this study are the modified dual-element PIFA array, the conventional dual-element PIFA array and two ideal dipoles. The modified PIFA, made by shrinking and bending the ground plane of a conventional PIFA (Fig. 2a) to the same size as the top plate, constitutes a stand-alone structure. The optimised dimensions of the modified PIFA operating at 2.5 GHz band are L ¼ 23 mm, W ¼ 5 mm, H ¼ 4 mm and S ¼ 0.5 mm, as shown in Fig. 2b . The coaxial feed cable passes through the substrate of the printed circuit board (PCB) without touching the perfect electric conductor (PEC) on the PCB. The two PIFAs are mounted on the PCB of a mobile terminal (Fig. 2c) . The ground plane, the same size as the antenna, is located between the PIFA and the PCB. So the PCB is no longer a ground plane for the PIFA, and therefore only a little current is coupled to the PCB. Consequently, more than 20 dB of isolation over the operating bandwidth has been achieved even though the two modified PIFAs are placed only 0.17l apart on the PCB. The detailed design of the modified dual-element PIFA array can be found in [2, 3] . A conventional dual-element PIFA array with the same length (L), width (W), same location, and same size of PCB as those of the modified dual-element PIFA array was investigated for comparison. The height is 1.5 mm greater than that of the modified PIFAs in order to achieve a 2.5 GHz operating frequency, and the PCB acts as the ground plane, that is the small ground plane and the slit are removed from the modified PIFA model. The isolation between the two conventional PIFAs is less than 8 dB in this case, which is 12 dB worse than that of the modified dual-element PIFA array. The mutual coupling levels of the modified and conventional dual-element PIFA arrays are listed in Table 1 . For the purpose of further comparison, two ideal dipoles which have no mutual coupling between them are included in the study. Channel capacity of dual-element antenna arrays: The channel capacity of these three dual-element antenna arrays was investigated in our MIMO channel model. The 3D radiation patterns of the dual-element antenna arrays, obtained through EM modelling, are fed into the model. The mutual coupling effects as listed in Table 1 have been included in the radiation patterns since the mutual coupling causes distortion in the radiation patterns. Fig. 3 Channel capacities of proposed dual-PIFA compared to two ideal dipoles and conventional dual-PIFA and within SISO system a In room A b In room B Fig. 3 shows the MIMO channel capacities of these three dualelement antenna arrays when used as receivers in a realistic propagation environment (rooms A and B in Fig. 1 ). The channel capacity results of the modified dual-element PIFA array, when placed in rooms A and B, are compared to those of the conventional dual-element PIFA array and of the two ideal dipoles. The channel capacity of a single input single output (SISO) system which consists of only a single dipole at both the transmitter and receiver is also plotted in Fig. 3 as a benchmark. It can be seen from Fig. 3 that the capacity of the modified dual-element PIFA array (which exhibits low mutual coupling) is close to that of the two ideal dipoles (which have no mutual coupling), and greater than that of the conventional dual-PIFA (which exhibits strong mutual coupling). The channel capacity difference between the modified and conventional PIFA arrays is around 1 bit=s=Hz at SNR ¼ 20 dB. It is also shown that the channel capacity increases from 6.1 bits=s=Hz in the SISO system to 9.8 bits=s=Hz in the MIMO system in both rooms A and B when the modified dual-element PIFA array is used. The channel capacity performances of these dual-element arrays in room B are similar to those in room A. There is only a slight improvement in the channel capacity in the case of the modified PIFA array.
Conclusions:
The channel capacities of the modified dual-element PIFA array, conventional dual-element PIFA and two ideal dipoles were evaluated using the MIMO channel model in an indoor environment. It was shown that the channel capacity of the modified dual-element PIFA array with very low mutual coupling is close to that of an ideal dipole array without mutual coupling. Also, the channel capacity of the modified dual-element PIFA array is greater than that of the conventional dual-PIFA, which exhibits strong mutual coupling. 
